Antibodies targeting HNP1-3 inhibited bacterial killing. Vitamin D supplementation of serum from patients with bacterial RTIs enhanced neutrophil killing. Moreover, vitamin D lowered inflammatory cytokine production by infected neutrophils via IL-4 production and the induction of suppressor of cytokine signaling (SOCS) proteins SOCS-1 and SOCS-3, leading to the suppression of NF-κB signaling. Thus, vitamin D enhances neutrophil killing of S. pneumoniae while dampening excessive inflammatory responses and apoptosis, suggesting that vitamin D could be used alongside antibiotics when treating pneumococcal infections.
Neutrophils are key immune cells recruited to the site of infection and play an important role during pneumococcal colonization and pneumonia in mice [4, 5] . Neutrophils contain a plethora of antimicrobial peptides (AMPs) stored in their granules [6] . Alpha-defensins are a subfamily of AMPs comprising 6 peptides [7] , 4 of which are expressed by human neutrophils, designated human neutrophil peptides (HNP1-4). Although neutrophil function is vital for an effective immune response, prolonged activation of neutrophils promotes inflammation by secreting excessive proinflammatory cytokines, such as IL-6, IL-8, IL-12, and TNF-α, resulting in tissue damage.
Vitamin D deficiency has been associated with disease severity in community acquired pneumonia [8] and other respiratory tract infections (RTIs) [9] , and vitamin D supplementation has been beneficial in patients with RTIs [10] . Vitamin D is naturally synthesized in the skin from 7-dehydrocholesterol upon exposure to ultraviolet B radiation from the sun. To become activated, the precursor 25(OH)D 3 is hydroxylated by the mitochondrial 1-α hydroxylase enzyme (CYP27B1) to yield the bioactive form, 1,25(OH) 2 D 3 . Active vitamin D 3 (1,25(OH) 2 D 3 ) binds to the vitamin D receptor (VDR) [11] . Vitamin D has been shown to mediate immunosuppressive effects on the human immune system by affecting human monocytes/macrophages [12] , dendritic cells [13] , and T cells [14] . Clinical associations have been found between vitamin D deficiency and pneumonia [15] . However, mechanistic insight into its effects on neutrophils and on pneumococcal infections is unknown.
Here we investigated the effects of vitamin D on human neutrophil responses to pneumococci. We show that vitamin D induces the production of AMPs while dampening inflammatory responses, and provide mechanistic insight to these findings. Since mouse and human neutrophils differ profoundly in their granular composition of AMPs and vitamin D regulation, we used human neutrophils in this study [16] [17] [18] .
Materials and Methods

Bacterial Strains and Culture
The S. pneumoniae strain T4 (TIGR4; ATCC BAA-334) of serotype 4 [19] , its isogenic capsular mutant strain T4R [20] , and strain D39 of serotype 2 [21] were used. Pneumococci and the Staphylococcus aureus strain 8325-4 were grown overnight on blood agar plates at 37 ° C and 5% CO 2 to OD 620 = 0.5 in C+Y medium (Karolinska University Laboratories). Pneumococci were heat-killed by incubation at 65 ° C for 1 h.
Isolation of Primary Neutrophils and Patient Sera
Peripheral blood was collected from healthy donors at Karolinska University Hospital, Stockholm. Blood was provided anonymously, hence informed consent was not required. Blood was diluted in PBS and layered on to Biocoll (Biochrom AG) separating solution and centrifuged at 1,200 rpm for 20 min. Upon removing the plasma and mononuclear cell layer, ammonium chloride lysis buffer (Karolinska University Laboratories) was added to the granulocyte-erythrocyte pellet to lyse the erythrocytes, and incubated on ice for 15 min. The granulocytes were subsequently washed twice with PBS. Neutrophils were enriched using the EasySep human neutrophil enrichment kit (StemCell Technologies) by negative selection according to the manufacturer's instructions. Neutrophils were defined as CD66b+CD16+. The purity of the neutrophils postenrichment was approximately 99% (see online suppl. Fig. S1A-C ; see www.karger.com/doi/10.1159/000455969 for all online suppl. material). Neutrophils were resuspended in RPMI 1640 medium (+ L -glutamine; Invitrogen) supplemented with 2% heat-inactivated fetal bovine serum (Invitrogen).
Sera collected in a randomized clinical trial by Bergman et al. [10] were used. The inclusion criteria for the participants were age 18-75 years and increased susceptibility to bacterial RTIs (>42 days with symptoms from RTI during a 12-month period prior to study inclusion), but without a defined immunological diagnosis. The samples were chosen to reflect a range of vitamin D-levels, spanning from 11 to 123 n M (mean 84 n M ). Exclusion criteria were prophylactic treatment with antibiotics, history of hypercalcemia or stones in the urinary tract, sarcoidosis, ongoing supplementation with vitamin D 3 exceeding 400 IU/day, HIV-infection, and pregnancy. All experiments and procedures were performed according to the declaration of Helsinki and to current guidelines at Karolinska Institutet.
Stimulation and Infection of Neutrophils
Neutrophils (0.5 × 10 6 ) were pretreated with vitamin D (1,25(OH) 2 D 3 ; 100 n M ), the proform of vitamin D (25(OH)D 3 ; 100 n M ) or vehicle (0.1% ethanol) diluted in RPMI 1640 medium for 2 h in 96-well plates. The vitamin D concentration was chosen to reflect the physiological range of concentrations found in vitamin D-sufficient adults [22] . For infection, neutrophils were incubated with pneumococci at a multiplicity of infection of 0.1 for 4 h. The infection dose was chosen to induce minimal cell death as confirmed by the lactase dehydrogenase assay (see online suppl. Fig.  S1D ). In some experiments, pneumococcal peptidoglycan (PGN; 10 μg/mL) was added together with vitamin D. For HNP1-3 blocking experiments, neutrophils were pretreated with 0.5 μg/mL α-HNP1-3 (clone D21; Hycult Biotech) for 1 h prior to stimulation. Stimulation with 25(OH)D 3 was preceded by incubation with human IFN-γ (10 ng/mL) for 2 h. The VDR antagonist (iVDR) ZK159222 was used at 0.5-1 μ M to block VDR signaling.
Statistical Analysis
Data are presented as the mean ± SEM for ≥ 3 donors unless specified otherwise. Statistical analysis was performed using the GraphPad Prism 5.0 software (GraphPad, La Jolla, CA, USA). Data were analyzed using the nonparametric Mann-Whitney test and considered significant at p < 0.05. To analyze the effect of 2 variables, ANOVA with Bonferroni post hoc test was used and considered significant at p < 0.05.
Further experimental details are provided in online supplementary Methods. [23] , was used to investigate possible combinatorial effects of TLR signaling and the vitamin D pathway. Vitamin D-stimulated neutrophils showed a significantly higher killing of the serotype 4 strain T4, its isogenic mutant in the capsule, T4R ( Fig. 1 a, b ; online suppl. Table 1) , and the serotype 2 strain D39 (online suppl. Fig. S2 ; online suppl. Table 1) , as compared to the vehicle control. The capsular mutant T4R was more susceptible to neutrophil killing than encapsulated T4. Vitamin D combined with PGN further increased bacterial killing. Provitamin D had a basal effect, but when administered after IFN-γ priming the microbicidal activity was similar to that of active vitamin D. To preclude any possible effects of other leukocytes, we compared the neutrophil killing of T4R with polymorphonuclear leukocytes (PBMCs) isolated from the same donor. Neutrophils induced higher killing of T4R than PBMCs (online suppl. Fig. S3A ). This was not due to the viability of PBMCs since they robustly produced IL-6 upon infection with T4R (online suppl. Fig. S3B ).
Results
Vitamin D Enhances
To investigate the clinical relevance of our findings, we studied the microbicidal activity of neutrophils incubated in human sera supplemented with vitamin D. Sera were collected from well-characterized patients with >42 days of symptoms from RTIs 12 months prior to study inclusion, but without an immunological diagnosis, in a previous study [10] . Neutrophils were incubated for 4 h with the sera upon supplementation with provitamin D (100 n M ) or vehicle, and challenged with T4R for 1 h. Strikingly, vitamin D supplementation of sera boosted neutrophil killing of T4R compared to the vehicle control ( Fig. 1 c) .
Vitamin D and S. pneumoniae Induce the VDR and the Convertase, CYP27B1, in Neutrophils
In order to explore mechanisms behind vitamin D-induced pneumococcal killing by neutrophils, we measured neutrophil expression of the VDR, which binds to vitamin D and the convertase CYP27B1, after the addition of vitamin D. Untreated neutrophils expressed basal levels of VDR, but at lower levels compared to dendritic cells, and could be induced by vitamin D ( Fig. 2 a) . Stimulation with vitamin D caused a 2-fold induction of VDR compared to vehicle control ( Fig. 2 b) . When the pneumococcal strain T4R was added to vitamin D-treated neutrophils, a further increase in VDR was observed. The unencapsulated strain T4R induced higher VDR levels than the encapsulated T4 strain after vitamin D treatment ( Fig. 2 b) . Vitamin D-mediated induction of VDR was also verified at the protein level by flow cytometry ( Fig. 2 c) .
We then tested the effect of the addition of provitamin D and found no significant effect on the expression of VDR. However, when neutrophils were pretreated with IFN-γ, a proinflammatory cytokine that is upregulated during pneumonia in humans and mice [24] , provitamin D induced significantly higher VDR expression ( Fig.  2 b) . This could be due to IFN-γ-induced upregulation of the converting enzyme CYP27B1 (online suppl. Fig. S4B ). Similar to VDR, CYP27B1 expression was significantly increased when IFN-γ was added prior to stimulation with provitamin D. Hence, our data suggest that IFN-γ promotes intracrine activation of provitamin D in neutrophils and, combined with S. pneumoniae , induces upregulation of the vitamin D pathway genes, VDR and CYP27B1.
To further test if the observed enhanced pneumococcal killing induced by vitamin D was dependent on VDR, we employed the iVDR ZK159222 [25] . Inhibition of VDR blocked vitamin D-induced neutrophil killing of pneumococci in a dose-dependent manner ( Fig. 2 d) . The VDR inhibitor did not affect pneumococcal killing by PGN-stimulated neutrophils, indicating its selective inhibition of the vitamin D pathway.
Vitamin D Induces Neutrophil Killing of Pneumococci by Upregulating Neutrophil Defensins
Neutrophils are known to express a large arsenal of antibacterial peptides (AMPs). HNP1-3 are the most abundant defensins in neutrophils, and we have previously shown that HNP1-3 from human neutrophil granular extract has direct microbicidal activity against pneumococci [26] . Hence, we investigated the effect of vitamin D on the induction and release of HNP1-3 by neutrophils. Vitamin D enhanced the transcription and release of HNP1-3 into the supernatant ( Fig. 3 a, b) , which was further upregulated upon pneumococcal infection with T4, T4R or D39. The induction was VDR dependent since it could be blocked by the addition of the iVDR in a dose-dependent manner ( Fig. 3 c) . To verify the cellular source of HNP1-3, we compared the release of HNP1-3 by neutrophils with PBMCs isolated from the same donor. Clearly, neutrophils were the major source of HNP1-3 (online suppl. Fig.  S5A ). In agreement with the elevated levels of HNP1-3, the culture supernatants of vitamin D-stimulated neutrophils also displayed an enhanced bacterial killing activity as compared to control neutrophil supernatants (online suppl. Fig. S5B ). To test the importance of HNP1-3 in vitamin D-induced pneumococcal killing, we treated neutrophils with a monoclonal antibody against HNP1-3 prior to pneumococcal challenge, and found a significant reduction in vitamin D-induced killing of T4R when compared to isotype antibody-treated cells ( Fig. 3 d) . We also found that vitamin D promoted expression of the human cathelicidin LL-37 (online suppl. Fig. S5C) .
We excluded the possibility that vitamin D-induced killing of pneumococci by neutrophils was due to enhanced bacterial uptake using FITC-labeled pneumococci and flow cytometry (online suppl. Fig. S6A ), or NOS2 (nitric oxide synthase) production by neutrophils upon challenge with pneumococci (online suppl. Fig.  S6B ), or oxidative burst by measuring the production of ROS (reactive oxygen species) using CellROX green, and by inhibiting ROS using the NADPH oxidase inhibitor diphenyleiodonium chloride (online Suppl. Fig.  S6C, D) . Also, we measured neutrophil extracellular trap-associated elastase activity in the culture supernatants and found no significant increase in the presence of vitamin D (online suppl. Fig. S6E ). In summary, our results show that vitamin D induces the AMPs HNP1-3 and LL-37 in neutrophils, promoting the killing of pneumococci.
Vitamin D Priming of Neutrophils Downregulates Inflammatory Cytokine Production and Dampens Apoptosis by Upregulating IL-4
TLR2 and NOD2 are cell membrane pattern receptors shown to be important for pneumococcal recognition by immune cells [27] . We found that TLR2 and NOD2 mRNA ( Fig. 4 a, b) and proteins ( Fig. 4 c, d ) were induced in vitamin D-primed neutrophils, and the addition of pneumococci further upregulated TLR2 and NOD2 as compared to controls. Despite the induction of these receptors, we found that vitamin D priming of neutrophils prior to pneumococcal infection significantly reduced the levels of proinflammatory cytokines IL-6, IL-8, and IL12p70 in the culture supernatants ( Fig. 4 e; online suppl. Fig. S7A, B) , and enhanced production of the anti-inflammatory cytokine IL-4 ( Fig. 4 f) after 6 h of total culture. This trend was consistent and sustained even after overnight (22 h) postincubation with heat-killed pneumococci (online suppl. Fig. S7C, D) .
Since increased IL-4 production can downregulate apoptosis [28] , we next investigated the effect of vitamin D on neutrophil apoptosis upon pneumococcal infection. Vitamin D-primed neutrophils exhibited a significantly lower percentage of apoptotic cells upon T4R infection ( Fig. 4 g) , and T4R induced higher apoptosis than T4. Time-course analysis showed that vitamin D-stimulated neutrophils underwent a steady rate of apoptosis upon infection, although at a slower rate than controls (online suppl. Fig. S7E ). Since neutrophils express the IL-4 receptor [29] , we investigated whether vitamin D-induced IL-4 production by neutrophils can affect apoptosis of pneumococcal-infected neutrophils. The addition of IL-4 (20 ng/mL) reduced the percentage of apoptotic cells upon T4R infection and vitamin D combined with IL-4 further reduced apoptosis (online suppl. Fig. S7F ). Neutrophils stimulated with the apoptotic inhibitor G-CSF (20 ng/mL) served as negative controls. Thus, vitamin D modulates neutrophil cytokine responses to pneumococci by dampening excessive inflammatory cytokine production and promoting anti-inflammatory IL-4 production, leading to the downregulation of inflammation and apoptosis.
Vitamin D-Primed Neutrophils Upregulate SOCS-1 and SOCS-3 and Downregulate TRAF6 Causing NF-κB Suppression in Response to Pneumococci
To decipher the mechanism of vitamin D-mediated suppression of inflammatory cytokines, we measured the expression of negative regulators of TLR signalling and cytokine production by qPCR ( Fig. 5 a, b ; online suppl. Fig. S8A ). We found that vitamin D specifically upregulated the suppressor of cytokine signaling (SOCS) proteins, SOCS-1 ( Fig. 5 a) and SOCS-3 mRNA ( Fig. 5 b) . Interestingly, IL-4, which was induced by vitamin D, also upregulated SOCS-1 and SOCS-3 mRNA. Consistent with the mRNA data, vitamin D and IL-4 caused a significant upregulation of SOCS-1 and SOCS-3 proteins ( Fig. 5 c) . However, the level of another negative regulatory protein, A20, also known as tumor necrosis factoralpha-induced protein 3, remained unaffected (online suppl. Fig. S8B ), implicating a specific regulation of SOCS-1 and SOCS-3 by vitamin D. Moreover, we found that vitamin D and IL-4 stimulation reduced phosphorylation of the NF-κB inhibitor IκBα, thereby stabilizing the levels of IκBα in neutrophils ( Fig. 5 c) .
Blocking IL-4 using a specific antibody decreased vitamin D-induced SOCS-1 expression ( Fig. 5 d) . Also, addition of the VDR antagonist reduced vitamin D-induced SOCS-1 upregulation. Consequently, we found that the TLR adaptor TRAF6 was downregulated in vitamin D-or IL-4-stimulated neutrophils, and this was counteracted by blocking VDR or IL-4 ( Fig. 5 d) .
TLR signaling pathways result in translocation of NF-κB to the nucleus to induce production of inflammatory cytokines. We performed cell fractionation studies followed by Western blotting to measure nuclear NF-κBp65 upon T4R infection with or without vitamin D priming. Concomitant with higher levels of the NF-κB-inhibitor IκBα ( Fig. 5 c) , we found a reduction of nuclear NF-κBp65 in vitamin D-or IL-4-primed neutrophils ( Fig. 5 e) compared to T4R-infected controls. The inhibition of VDR or IL-4 restored levels of nuclear NF-κBp65 similar to those of the T4R-infected controls. Our data show that in response to pneumococci, vitamin D upregulates SOCS-1 and SOCS-3 in neutrophils, leading to the downregulation of TRAF6 and suppression of NF-κB nuclear translocation, thereby limiting excessive inflammatory cytokine production. Vitamin D-primed neutrophils upregulate SOCS-1 and SOCS-3 and downregulate TRAF6, causing NF-κB suppression, in response to pneumococci. a , b Neutrophils were infected with T4R for 2 h with or without pretreatment with 100 n M of 1,25(OH) 2 D 3 (vitD) for 2 h and the mRNA levels of SOCS-1 ( a ) and SOCS-3 ( b ) were measured by qPCR. Human IL-4 (20 ng/mL) was used as a control. c Vehicleor vitamin D-pretreated neutrophils were infected with T4R for 2 h and the protein levels of SOCS-1, SOCS-3, p-IκB-α, and IκB-α were measured by immunoblotting. GAPDH was used as a loading control. d , e Cytosolic and nuclear fractions were isolated from T4R-infected neutrophils pretreated with vehicle or 100 n M of vitD for 2 h. In control wells, IL-4-neutralizing antibody (0.1 μg/mL) or iVDR (1 μ M of ZK159222) were added. The cytosolic fraction ( d ) was probed for SOCS-1 and TRAF-6 and the nuclear fraction ( e ) was probed for NF-κB (p65). Histone H2A and GAPDH served as loading controls for the nuclear and cytosolic fractions, respectively. Bottom bands were quantified densitometrically and normalized to the respective loading controls. * p < 0.05 by Mann-Whitney U test.
Discussion
Vitamin D deficiency is associated with a range of bacterial infections [30] in humans, particularly with pneumonia [15] . However, the effects of vitamin D on neutrophils, which are the major inflammatory cells during pneumococcal infections, remain largely unknown. Here, we have shown that vitamin D enhances pneumococcal killing by neutrophils and identified alpha-defensins (HNP1-3) as mediators of the antibacterial activity besides the previously known vitamin D-responsive AMP cathelicidin (LL-37) [31] . We found that HNP1-3 are important for vitamin D-induced killing, since blocking antibodies abrogate killing. Importantly, vitamin D supplementation of sera with different vitamin D levels (mean 84 n M in our experiments), collected from patients with increased susceptibility to bacterial RTIs, boosted pneumococcal killing by neutrophils. This is relevant for clinical practice, since a general notion is that the potential beneficial effect levels out at presupplementation vitamin D levels of 50 n M . However, the evidence for 50 n M is based on bone health and it is likely that the cutoff for beneficial effects against infections is higher. For example, Science et al. [32] showed that children with levels below 75 n M have a higher risk of RTIs than those with levels above 75 n M . In addition, Sabetta et al. [33] found that 95 n M was the cutoff for beneficial affects against viral RTIs. Currently, there is no conclusive evidence or available guidelines for vitamin D supplementation to prevent RTIs and thus future clinical interventional trials are needed to clarify this issue.
We have shown that in response to vitamin D, neutrophils upregulate the converting enzyme CYP27B1 and the receptor VDR, which are further upregulated upon pneumococcal infection, particularly with the capsular mutant strain T4R. The higher effect of T4R could be because the capsule in wild-type pneumococci masks TLR ligands [34] , and thereby impedes recognition by neutrophils. The proform of vitamin D had basal effects, but was enhanced by pretreatment with IFN-γ. This implies that the proform may require a trigger, such as microbial invasion (TLR activation) or inflammation (higher IFN-γ) to enable its intracrine activation, and thereby mediate downstream effects via VDR signaling. In agreement with our results, VDR binding sites have been found within the promoter of HNP1-3 in a promoter analysis study [35] . Also, our results explain the low levels of HNP1-3 found in vitamin D-deficient asthma patients, which can be restored upon vitamin D supplementation [36] .
Furthermore, vitamin D combined with pneumococcal PGN enhanced neutrophil killing of pneumococci, suggesting possible combinatorial effects of TLR signaling with the vitamin D pathway. Interestingly, we found that vitamin D downregulates the production of proinflammatory cytokines IL-6, IL-8, and IL-12, and upregulates the anti-inflammatory cytokine IL-4 in neutrophils infected with pneumococci. Our data are in agreement with a previous study showing infiltration of IL-4-expressing neutrophils in the skin of psoriatic patients upon exposure to UVB rays, which triggers vitamin D synthesis [37] . High levels of IL-6 and low levels of IL-4 have also been shown to positively correlate to disease severity scores, and are valid indicators of prognosis in patients with community-acquired pneumonia [38, 39] . Also, we showed that vitamin D upregulates the pattern recognition receptors TLR2 and NOD2, but also induces the negative regulators of TLR-induced inflammation, SOCS-1 and SOCS-3, in an IL4-dependent manner. This results in reduction of IκB phosphorylation and the TLR adaptor TRAF6, leading to suppression of NF-κB nuclear translocation ( Fig. 6 ).
In conclusion, our results suggest that vitamin D can limit excessive inflammation while boosting the antipneumococcal activity of neutrophils, making vitamin D a promising candidate for treatment of pneumococcal infections alongside antibiotics. Further clinical studies are warranted to evaluate the usefulness of vitamin D for patients with pneumococcal diseases.
